In response to environmental cues, the mitogen-activated protein kinase Sty1-driven signaling cascade activates hundreds of genes to induce a robust anti-stress cellular response in fission yeast. Thus, upon stress imposition Sty1 transiently accumulates in the nucleus where it up-regulates transcription through the Atf1 transcription factor. Several regulators of transcription and translation have been identified as important to mount an integral response to oxidative stress, such as the Spt-Ada-Gcn5-acetyl transferase or Elongator complexes, respectively. With the aim of identifying new regulators of this massive gene expression program, we have used a GFP-based protein reporter and screened a fission yeast deletion collection using flow cytometry. We find that the levels of catalase fused to GFP, both before and after a threat of peroxides, are altered in hundreds of strains lacking components of chromatin modifiers, transcription complexes, and modulators of translation. Thus, the transcription elongation complex Paf1, the histone methylase Set1-COMPASS, and the translation-related Trm112 dimers are all involved in full expression of Ctt1-GFP and in wild-type tolerance to peroxides. . 4 The abbreviations used are: SAGA, Spt-Ada-Gcn5-acetyl transferase; Pol II, RNA polymerase I; YES, rich medium; NAT, nourseothricin; eRF1, eukaryotic release factor 1.
Cells adapt to changing environments by activating signaling pathways and modifying the cellular gene expression programs. Often, those signals are stressful and transiently or permanently halt cell growth. In particular, reactive oxygen species such as hydrogen peroxide (H 2 O 2 ) trigger what is known as oxidative stress. In fission yeast, Ͼ550 types of transcripts are up-regulated Ͼ2-fold in response to peroxides, and the expression of up to 450 genes is down-regulated also by Ͼ2-fold (1) . This severe change in the Schizosaccharomyces pombe transcriptome is ruled by the mitogen-activated protein kinase Sty1-driven signaling cascade, which becomes activated upon different stress signals such as H 2 O 2 to allow adaptation and survival.
Upon activation, Sty1 accumulates in the nucleus and orchestrates this massive change in the cell gene expression program. The downstream transcription factor Atf1 is impor-tant for this response. Atf1 is phosphorylated by Sty1 in a stressdependent manner, and transcription of genes occurs. We and others have demonstrated that the SAGA 4 complex is recruited to stress genes in a Sty1-and Atf1-dependent manner (2, 3) and participate in chromatin remodeling along stress open reading frames to allow RNA polymerase II (Pol II) initiation and elongation.
For this dramatic change in the gene expression program to occur, not only the Pol II transcriptional machinery but also the translation process of the newly induced stress mRNAs has to be coordinated (4) and also be robust. Thus, we recently described that mutations in Elongator components impair wild-type tolerance to peroxides, probably by decreasing the amount of proteins synthesized from the stress mRNAs (5) . Elongator introduces a modification of the anticodon loop of the low copy number tRNA UUU Lys as well as in other two types of tRNAs with a uracil 34 (U 34 ) in the 5Ј position of the anticodon (6, 7) . Modification of tRNA UUU Lys by Elongator (introducing an acetyl group at position 5 of U 34 (cm 5 U 34 )) and by Ctu1-Ctu2 complex (catalyzing the thiolation at carbon 2 of U 34 (s 2 U 34 )) is required for the efficient recognition by this tRNA of the codon AAA and, therefore, for optimal performance under situations requiring a robust translation process, such as abrupt changes in the gene expression program during adaptation to stress (5) .
Here, we have performed a genome-wide search of S. pombe genes required for wild-type adaptation to stress. We recently demonstrated that overexpression of catalase (Ctt1) is essential for the cellular response to oxidative stress, as ectopic expression of only this protein totally or partially suppresses the absence of components of the Sty1 or Pap1 cascades (8) . Using an optimized protocol combining green fluorescent protein (GFP) fluorescence and flow cytometry, we have isolated all genes affecting the levels of expression of Ctt1-GFP expressed from the ctt1 locus. Besides confirming the role of the stress Pap1 and Sty1 cascades as well as of SAGA on Ctt1-GFP expression, we also isolated complexes promoting robust transcription, such as Mediator, Set1-COMPASS, and Paf1 complexes. We centered our attention on the characterization of Trm112, a protein reported in Saccharomyces cerevisiae to heterodimerize and regulate the activity of methylases such as Trm9, Mtq2, Trm11, and Bud23. As will be shown here, the combination of Trm112 with Trm9 and Mtq2 will contribute to fission yeast tolerance to peroxides, probably by promoting efficient translation; the dimer Trm112-Trm9 introduces the last modification at U 34 of the tRNA UUU Lys , a methyl group, to yield mcm 5 s 2 U 34 ; Trm112-Mtq2 may methylate a translation release factor, eRF1, to promote efficient translation termination. Our experiments demonstrate that hundreds of genes are required to coordinate the transcription and translation machineries for the acquisition of tolerance to oxidative stress.
Experimental Procedures
Growth Conditions, Plasmids, and Yeast Strains-Cells were grown in rich medium (YES) or synthetic minimal medium as described previously (9) . Origins and genotypes of strains used in this study are outlined in Table 1 . To tag ctt1 with GFP, we transformed wild-type strain (975, h ϩ ) with a linear fragment containing 3Ј end of ctt1-GFP::natMX6, obtained by PCR amplification using ctt1 specific primers and the plasmid pFA6a-GFP::natMX6 (10), yielding strain PG102. To generate the strain PG111 used to cross the deletion collection, we crossed the strain PG102 with P392 (11); this strategy (PEM-2, or pombe epistatic mapping) takes advantage of a recessive, cycloheximide-resistance mutation that eases the high throughput double mutant generation between our reporter strain and the Bioneer deletion collection (11) . The specific gene deletions of the strains selected in our screen and used thereafter (see below; Paf1, Set1, Trm112 complexes) were confirmed by PCR. To construct S. pombe strains without nutritional requirements and with or without the chimeric ctt1-GFP gene, selected deletion mutants from our genetic screen (see below) were crossed with 972 (wild type) in minimal medium plates without nitrogen followed by germination in YES medium and haploid selection in plates containing G-418 (to select the specific gene deletion) or nourseothricin (NAT) (to select or not for ctt1-GFP) and minimal medium (to select for the absence of requirements). We used integrative plasmids p428 and p428 AAG to express HA-Atf1 and HA-Atf1 AAG , where all 11 lysine AAA codons or the atf1 open reading frame are replaced by AAG (5) . The two plasmids were inserted at the leu1-32 loci of different strain backgrounds, yielding strains JF91, JF94, PG136, PG138, PG139, and PG140. We used the following episomal plasmids containing or not tRNA coding genes: pREP.42x, p465 (expressing tRNA UUU Lys ) and p466 (expressing tRNA CUU Lys ) (5). H 2 O 2 Sensitivity Assay-For survival on solid plates, S. pombe strains were grown, diluted, and spotted on YES plates containing or not H 2 O 2 at the indicated concentrations as described previously (3).
ctt1-GFP Deletion Library Construction and Flow Cytometry Analysis-We crossed strain PG111 (ctt1-GFP) with the haploid deletion collection by Bioneer Corp. (version 2), which contains 3004 haploid deletion strains comprising ϳ71% of non-essential fission yeast genes, following the protocol proposed by Roguev et al. (11) . Briefly, the Bioneer deletion library [h ϩ leu1-32 ura4-D18 ade6-M210 (or M216) ⌬gene::kanMX4], which was frozen at Ϫ80°C in 96-well plates, was first transferred to solid YES plates using a 96 pin replicator and incubated at 30°C for 48 h. The deletion library was then transferred to a minimal medium plate without nitrogen (to promote mating) and mixed with the NAT-marked ctt1-GFP (PG111) and allowed to cross for 4 days at 25°C followed by germination in YES and haploid selection in plates containing NAT (to select ctt1-GFP), G-418 (to select deletion genes) and cycloheximide (to select haploid cells). The resulting library was transferred using a 96 pin replicator to 96-well microtiter plates containing 200 l of liquid YES and incubated at 30°C for 24 h. Then the plates were diluted and incubated overnight to perform flow cytometry analysis during logarithmic growth in untreated condition or after 1 h with 1 mM H 2 O 2 at 30°C. Flow cytometry analysis was performed using FACScanto equipped with 488and 633-nm lasers (BD Biosciences), and all flow cytometry data were analyzed with FACSDiva software (BD Biosciences). Ctt1-GFP fluorescence was detected using the FITC green channel, and the final data obtained were expressed as a FITC/ FSC (forward scatter) normalized using the mean of each plate. Due to the fact that Ctt1 fluorescence increased after H 2 O 2 treatment during the 96-well plate reading, we normalized the results using the equation y ϭ Ϫ0.00009x 2 ϩ 0.02x ϩ 0.9137, obtained from flow cytometry analysis of a plate containing the control strain PG111 (ctt1-GFP) in all wells after 60 min of H 2 O 2 treatment (Fig. 2B ). The STRING database (12) was used to identify different protein complexes reveled in our genetic screen. STRING is a database that includes known and predicted protein associations from different sources and which assigns normalized confidence scores to many different types of protein associations: some from experiments (physical and genetic protein interactions) or derived from co-expression and others either inferred by literature annotation or transferred from homology. RNA Analysis-Total RNA from S. pombe YES cultures was obtained, processed, transferred to membranes, and hybridized with radioactivity-labeled probes as described previously (13) . Quantification of the levels of tRNA overexpression in strains carrying episomal tRNA plasmids was performed as described before (5) .
Growth Curves-Yeast cells were grown in YES from an initial absorbance (A 600 ) of 0.1 with or without the addition of 2 mM H 2 O 2 using an assay based on automatic measurements of optical densities as previously described (14) . For each strain, we calculated the "arrest after H 2 O 2 " by subtracting the minutes required to reach an A 600 of 0.5 between 2 mM H 2 O 2treated and untreated cultures.
S. pombe Trichloroacetic Acid (TCA) Extracts and Immunoblot Analysis-Modified TCA extracts were prepared as previously described (15) . Atf1 and Ctt1-GFP were immunodetected with polyclonal anti-Atf1 (3) and anti-GFP (16) antisera. HA-Atf1 was detected with in-house monoclonal anti-HA antibody. Anti-Sty1 polyclonal antibodies (17) and monoclonal anti-tubulin (Sigma) were used as loading controls. Relative quantification of protein levels in Western blots was performed using the Image Studio TM 4.0 software.
Results

Characterization of a Reporter of the Sty1-Atf1
Cascade-We designed a global approach to isolate all S. pombe genes affecting the change in gene expression program driven to survive against oxidative stress. We chose accumulation of catalase, encoded by the ctt1 gene, as an indicator of both basal and H 2 O 2 -dependent levels. Indeed, the levels of ctt1 mRNA are increased by 35-fold 60 min after stress imposition (0.5 mM H 2 O 2 in the growth media) (18) . Furthermore, the basal expression of ctt1 in cells lacking the mitogen-activated protein kinase Sty1 or its downstream transcription factor Atf1 are 4 -5-fold times lower than in wild-type cells (18) . We inserted a GFPcoding sequence downstream of the chromosomal ctt1 locus ( Fig. 1A) and determined that the cells expressing the protein chimera did not display any oxidative stress defect ( Fig. 1B ), suggesting that the protein is fully functional. Accumulation of the mRNA was similar to that of untagged ctt1 (Fig. 1C ). The steady-state levels of Ctt1-GFP protein increased with time after stress imposition as determined in extracts by Western blot (Fig. 1D ). Fluorescence also increased in live cells after H 2 O 2 stress in a wild-type background as determined by flow cytometry, whereas basal and H 2 O 2 -induced fluorescence was clearly diminished in cells lacking Sty1 (Fig. 1E) .
Flow Cytometry-based Screening of a Fission Yeast Deletion Collection Using Ctt1-GFP as a Reporter-To isolate all fission yeast genes that affect Ctt1-GFP levels, we constructed a deletion library crossing the Bioneer deletion collection with PG111, an S. pombe strain carrying the ctt1-GFP allele as a reporter in a P392 background, which take advantage of a recessive cycloheximide-resistance mutation to facilitate selection of haploid cells (11) . Briefly, the PG111 strain was crossed with the deletion library in minimal medium plates without nitrogen followed by germination and haploid selection ( Fig. 2A ). We failed to obtain the targeted segregants for 165 deletion mutants. Once the ctt1-GFP deletion library was constructed, each plate was analyzed by flow cytometry to determine the fluorescence level of Ctt1-GFP treated or not with H 2 O 2 . We used a FITC filter to measure GFP fluorescence, and the results are expressed as FITC/FCS ratio, FCS being proportional to cell surface area or size. We observed that the Ctt1 protein level increases with time after stress imposition at least until 90 min of treatment ( Fig. 1D ). Accordingly, Ctt1 fluorescence increased after H 2 O 2 treatment during the analysis by flow cytometry of the 96-well plates, which took ϳ40 min. To solve this problem we analyzed the fluorescence by flow cytometry of a plate containing the control strain PG111 (ctt1-GFP) in all 96 wells in untreated and stress conditions ( Fig. 2B ). We normalized the data, giving the value 1 to the first position of the plate, and obtained a trend line ( Fig. 2B , red line) whose equation for the H 2 O 2 plate was used to normalize the results to abolish reading differences due to the position occupied by each strain in the plate. Our flow cytometry-based screen revealed that FIGURE 1. Ctt1-GFP is a good reporter of the oxidative stress response. A, schematic representation of chromosomal ctt1 tagged with GFP. B, ctt1-GFP strain is not sensitive to oxidative stress. Serial dilutions from cultures of strains 972 (WT), AV18 (⌬sty1), EP198 (⌬ctt1), and PG102 (ctt1-GFP) were spotted onto rich plates without (YES) or with H 2 O 2 . C, relative levels of ctt1 mRNA by Northern blot. Total RNA from strains 972 (WT) and EP102 (ctt1-GFP), either untreated (0) or treated with 1 mM H 2 O 2 for the indicated times, was analyzed by Northern blot with probes for ctt1. rRNA and act1 are shown as loading controls. D, rich media cultures of strains 972 (WT) and PG102 (ctt1-GFP), either untreated (0) or treated with 1 mM H 2 O 2 for the indicated times, were analyzed to determine Ctt1-GFP protein levels by Western blot using polyclonal antibody against GFP. Sty1 is shown as a loading control. E, rich media cultures of strains 972 (WT), PG102 (ctt1-GFP), and ES10 (ctt1-GFP ⌬sty1), either untreated (0) or treated with 1 mM H 2 O 2 for the indicated times, were analyzed to determine Ctt1-GFP fluorescence levels by flow cytometry. Results are expressed as FITC/FCS ratio, normalized to the levels of untreated wild-type ctt1-GFP cells, with an assigned value of 1. S.D. were calculated from biological duplicates.
Ͼ100 mutants are Ctt1-GFP up-regulated and 88 are downregulated Ͼ1.5-fold under untreated conditions. After stress, numbers increased to reach Ͼ160 up-regulated and Ͼ280 down-regulated also by Ͼ1.5-fold. Top 150 genes with the lowest values for Ctt1-GFP fluorescence were selected from the screen and loaded in STRING database to search for protein complexes (12) . Gene deletions coding for most known subunits of the oxidative stress pathway or of the SAGA complex were identified as well as different components of Ccr4-NOT, Mediator, Set1-COMPASS, and Paf1 complexes as well as of the Trm112-containing dimers (Fig. 2C) .
The SAGA, Paf1, and Set1 Complexes Are Revealed in the Genetic Screen and Regulate Transcription of Stress Genes-As described above, most components of the Sty1 and Pap1 cascades were highlighted by our flow cytometry-based screen. Similarly, deletion of genes coding for members of the SAGA complex such as Gcn5, Ada2, or Ngg1 also displayed lower levels of Ctt1-GFP fluorescence both under treated and untreated conditions ( Table 2 ). Among others, deletion of genes coding for components of the Paf1 complex also had lower levels of fluorescence as shown in Table 2 .
The Pol II-associated Paf1 complex (polymerase associated factors), linked to active transcription, serves as a platform to coordinate the association between the transcriptional machinery with transcription factors, histone modifiers, elongating complexes, and termination/cleavage/3Ј processing (for review, see Ref. 19 ). The Paf1 complex associates with phos- phorylated and unphosphorylated Pol II, and it is found near promoters and along the ORFs of genes and detaches near the poly(A) site. It has been suggested that the Paf1 complex couples histone modifications to efficient transcription elongation. In particular, during transcription elongation Paf1 directly or indirectly facilitates recruitment of enzymes that mediate Pol II phosphorylation at Ser2 and Set2-dependent methylation ofH3K36 (20) ,ubiquitinationofH2B,andSet1-dependentmethylation of H3 at lysine 4 (21) (22) (23) (24) . In fission yeast, deletion of either prf1/rtf1, paf1, or leo1 genes decreases tolerance to oxidative stress on solid plates (Fig. 3A) . We also determined the growth curves of wild-type and mutant cells in liquid cultures in the presence or absence of peroxides and determined for each strain the time of arrest after H 2 O 2 as described under "Experimental Procedures." We used cells lacking the transcription factor Atf1 as a control of cells with a pronounced arrest under H 2 O 2 conditions. As shown in Fig. 3B , cells lacking Prf1, Paf1, or Leo1 display elongated time arrest after H 2 O 2 stress compared with wild-type cells. This seems to indicate that the Paf1 complex exerts a positive role on transcription. Of the three deletion strains tested (lacking Prf1/ Rtf1, Paf1, or Leo1-coding genes), the loss of Prf1/Rtf1 affects tolerance to H 2 O 2 to a lower extent than a lack of the other two components, consistent with a recent report indicating that this protein may not belong to the core of the Paf1 complex in S. pombe (25) .
A classical mark of active chromatin, methylation of histone H3 at lysine 4, is introduced by the Set1 complex, which has also been highlighted in our genetic screening ( Table 2 ). As shown above for deletion strains of Paf1 components, cells lacking Set1 or other components of the complex also displayed impaired tolerance to peroxides, both on solid plates ( Fig. 3C ) and in liquid media ( Fig. 3D ). At least in S. cerevisiae, recruitment of the Set1-COMPASS complex in the transition from initiation to elongation of Pol II genes is mediated by Paf1 complex and promotes the H3-lysine 4-methylation mark close to the promoters of actively transcribed genes (22, 23, 26) . To confirm the results from the genome-wide screening, we measured with regular flow cytometry the ratio of fluorescence to cell size of the individual mutants after eliminating all auxotrophic markers. As shown in Fig. 3E , both untreated and H 2 O 2 -treated levels of Ctt1-GFP fluorescence were reduced in cells lacking Set1, Spf1, Swd1, and Swd3, with moderate reductions for strains lacking Shg1 or Ash2. Concomitantly, H 2 O 2 -induced levels of ctt1 mRNA in cells lacking Shg1 or Ash2 were only moderately reduced compared with wild-type cells (Fig. 3F) .
The Elongator and Trm112 Complexes Are Revealed in the Genetic Screen-We recently reported that Elongator, a tRNA-modifying complex promoting efficient translation, was required for wild-type tolerance to peroxides (5) . Indeed, our genetic screen also indicates that deletion of genes coding for different Elongator components express lower levels of basal or induced Ctt1-GFP (Table 2) .
Interestingly, our screening also highlighted that Trm112 and some of its partners (Mtq2 and Trm9, specifically) are also required for wild-type expression of Ctt1-GFP, as shown in Fig. 4A for strains without auxotrophies carrying the indicated gene deletions and the ctt1-GFP chimera. In S. cerevisiae, Trm112 is an auxiliary protein that dimerizes with another subunit to form an active methylase. These two-subunit enzymes modify nucleotides in RNA chains of specific tRNAs (in the case of Trm112-Trm9 or Trm112-Trm11; Fig. 4B ), rRNAs (as in the case of Trm112 ϩ Bud23), or in the translation release factor eRF1 (Trm112 ϩ Mtq2; Fig. 4B ). As shown in Fig. 4CD , S. pombe strains lacking Trm112 or two of its partners, Mtq2 or Trm9, displayed sensitivity to H 2 O 2 both on solid plates and in liquid cultures (Fig. 4, C and D) .
Cells Lacking Trm112, Mtq2, or Trm9 Display Defects in Oxidative Stress Tolerance-Cells lacking Trm112 displayed severe growth defects, as exemplified by spotting these cells on rich media plates (Fig. 4C) . Probably, this "hub" protein participates in several cellular processes, many of them linked to translation (27) , and the phenotype of ⌬trm112 cells is the sum of the lack of different enzymatic activities. Only two of its putative dimers, Mtq2 and Trm9 (not previously characterized in fission yeast) display decreased tolerance to H 2 O 2 . The S. cerevisiae Trm112-Mtq2 dimer has been described to introduce an N 5 methylation at a glutamine residue of eukaryotic release factor 1 (eRF1) (28) . To confirm the possible participation of S. pombe Mtq2 in eRF1/Sup45/SPBC18B5.06 modification, we tried to complement the sensitivity of ⌬mtq2 cells to grow in the presence of peroxides with a plasmid allowing overexpression of fission yeast eRF1, without success.
We focused our attention of the role of the Trm112-Trm9 dimer in H 2 O 2 tolerance. We first determined that not only the H 2 O 2 -dependent expression of the protein Ctt1-GFP but also of the ctt1 mRNA was slightly impaired in cells lacking either Trm9 or Trm112 (Fig. 5A) . As described in the Introduction, transcription of the ctt1 gene depends on the mitogen-activated protein kinase Sty1 and its downstream transcription factor Atf1, and the gene coding for this transcription factor is also under the control of the Sty1-driven regulatory cascade (Fig.  5B) . At least in S. cerevisiae, the methyl group introduced by Trm112-Trm9 is the third step (after 5-acetylation and 2-thiolation) in the generation of the mcm 5 S 2 U 34 modification at the tRNAs with an anticodon 5Ј-UUN, decoding lysine, glutamine, and glutamic acid (Fig. 5C ). As shown before for cells lacking the Elongator component Elp3 (5), although the H 2 O 2 -dependent mRNA levels of atf1 are not significantly altered in strains ⌬tmr9 or ⌬tmr112 (Fig. 5, D and F) , protein levels are severely affected (Fig. 5, E and F) .
The Stress Phenotypes of Cells Lacking Trm9 Are Suppressed by Overexpression of tRNA UUU Lys -The mcm 5 S 2 U 34 modification at the tRNAs with an anticodon 5Ј-UUN has been proposed to be required for translation efficiency and/or fidelity of mRNAs containing 5Ј-NAA codons (29, 30) . We demonstrated before that the H 2 O 2 sensitivity of cells lacking the Elongator component Elp3 can be alleviated by overexpressing only one of its target tRNAs, specifically tRNA UUU Lys but not by the control tRNA CUU Lys , which recognizes the other codon for lysine (AAG) and is not modified by Elongator (5) (Fig. 6, A and D) .
To confirm the role of S. pombe Trm9 in methylation of the same target tRNAs as Elongator, we transformed strains ⌬trm9 and ⌬trm112 with the same two tRNAs and confirmed that only tRNA UUU Lys was sufficient to suppress the stress defects of cells lacking Trm9 (Fig. 6, B and E) . As expected, the pleiotropic defects of cells lacking the hub protein Trm112, caused by deficiencies of up to five different enzymatic activities, could not be suppressed by overexpressing this tRNA (Fig. 6, C and F) .
In cells lacking Elongator, to demonstrate that low levels of a stress protein, Atf1, were caused by defective translation of the atf1 mRNA, we used a chimeric, constitutively expressed HA-atf1 gene carrying 11 AAA-to-AAG substitutions so that all lysine codons in the atf1 transcript would not depend on the tRNA modified by Elongator (5) (Fig. 7A) . In cells lacking Trm9 or Trm112, expression of both HA-tagged mRNAs was constitutive and identical in both endogenous and mutated atf1 (Fig.  7B) . As shown before for Elongator, the defects in Atf1 protein expression displayed by strains ⌬trm9 or ⌬trm112 were suppressed in cells carrying the HA-atf1 AAA-to-AAG chimeric gene (Fig. 7C ). We conclude that the Trm9-Trm112 introduces the terminal methyl group of mcm 5 S 2 U 34 at the anticodon of specific tRNAs, and we propose that the sensitivity to H 2 O 2 of cells lacking Trm9 is caused by defective translation of AAA codons by the tRNA UUU Lys . 
Discussion
Upon oxidative stress, the Sty1-Atf1 pathway triggers a major change in the gene expression program, as mitotic cell growth and general metabolism is halted and Ͼ500 genes are up-regulated Ͼ2-fold to promote survival (18) . We have per-formed here a global screening of genes required to allow such a strong shift in the gene expression program using expression of the antioxidant protein Ctt1-GFP as a reporter of efficient adaptation. We have isolated hundreds of genes required to promote this shift, demonstrating that for optimal performance not only complex chromatin modifications, but also efficient transcription and translation are required to mount a survival response. Future work will be required to determine the contribution of many of those protein functions in the development of the stress program.
So far we have shown that Paf1 and Set1-COMPASS components contribute to Ctt1-GFP expression and to wild-type tolerance to peroxides. The role of the Paf1 complex on efficient Pol-II-dependent transcription elongation and histone modification by Set1 complex has been widely characterized in other eukaryotes (22, 23) . However, two recent reports have established connections between the Paf1 complex and the nucleation and spreading of heterochromatin in S. pombe. In the first, Bühler and co-workers (31) demonstrate that fission yeast can trigger heterochromatin formation at a specific locus by expressing a synthetic RNA hairpin homologous to that region but only if the Paf1 complex is disrupted, which suggests that Paf1 represses small RNA-mediated gene repression, probably by speeding up transcription elongation. Second, the group of Bayne has shown that the Paf1 complex in fission yeast has a role in maintaining the boundaries, limiting the spreading of heterochromatin out of the telomeres, centromeres, and mating loci. In particular, cells lacking the Paf1 complex component Leo1 were isolated in a genetic screen meant to search for mutants displaying repression of euchromatic genes placed just flanking the boundary from centromeric heterochromatin (32). Because many stress genes are subtelomeric, repression of the ctt1-GFP chimera in Paf1 mutants could be due to heterochromatin spreading from the telomeres. In fact, we have constructed another stress gene chimera, hsp9-GFP, that also depends on Sty1-Atf1 for expression. Because the hsp9 gene is located Ͼ250 kb away from one end of chromosome I and ctt1 is only 55 kb away from one end of chromosome III, loss of strict heterochromatin boundaries by a lack of Paf1 complex components would affect expression of ctt1 more than hsp9. We have determined that although the basal levels of expression of the Hsp9-GFP protein are reduced in cells lacking Set1 or Trm9, in the absence of Paf1 the expression levels are similar to wild-type cells.
In this work we have also identified the hub protein Trm112 and some of its catalytic partners as important for wild-type tolerance to peroxides. Trm112 activates not only the tRNA methyltransferase Trm9, but also the methylase catalytic subunit Mtq2 (in eukaryotes, the Mtq2-Trm112 holoenzyme methylates the glutamine of an essential GGQ motif at class I translation termination factors) and Trm11 (the heterodimer introduces in this case the m 2 G 10 modification at some tRNAs) (33, 34) . Furthermore, Trm112 can also form a complex with the methylase Bud23, which modifies the 18S rRNA subunit, but only with stabilization purposes (34) . According to our genetic data, only Trm9 and Mtq2, but not Bud23 or Trm11, contribute to wild-type tolerance to oxidative stress. Apparently, the stress phenotypes of cells lacking Mtq2 are not suppressed by overexpression of eRF1. Future work will be required to decipher the role of Mtq2 in adaptation to stress.
Regarding Trm9, we have confirmed here that it contributes to S. pombe stress tolerance by similar means as Elongator: modification of the U 34 of the anticodon loop of the tRNA UUU Lys to generate the mcm 5 S 2 U 34 modification is important for stress survival. Similar to other modifications, it is not clear whether transcription efficiency or fidelity or both are affected when the codon AAA has to be decoded by unmodified tRNA UUU Lys ; although Begley et al. (35) described that S. cerevisiae Trm9mediated tRNA modifications participate in the DNA damage response by enhancing translation elongation of general and specific stress proteins, they also reported later that those tRNA modifications lead to translation infidelity of specific transcripts, misfolding of the resulting proteins, and activation of the unfolded protein response pathway (36) . Similarly, it has recently been suggested that Elongator mutants in budding yeast display basal proteostasis defects due to inefficient or incorrect translation, and this basal phenotype may be exacerbated in the presence of stress conditions (37) . Our study demonstrates that cells lacking Trm9 express low levels of Atf1 but not of Atf1 AAA-to-AAG , so inefficient translation of stress proteins seems clear. Whether basal or stress-induced proteostasis defects are also present in S. pombe ⌬trm9 or ⌬elp3 strains and whether those defects contribute to the stress phenotype of these mutants will have to be elucidated. . Expression of a synthetic AAA-to-AAG atf1 gene renders wild-type Atf1 protein levels in cell lacking Trm9 or Trm112. A, schematic representation of HA-Atf1 and HA-Atf1 AAA-to-AAG proteins, expressed from the constitutive sty1 promoter. The relative positions of the 11 AAA and AAG lysine codons are indicated. B and C, vectors carrying the wild-type (HA-atf1) or mutated atf1 genes (HA-atf1 AAA-to-AAG ) under the control of a constitutive promoter were integrated in the chromosomes of wild type and ⌬trm9 and ⌬trm112 strains. Rich media cultures of strains JF91 (sty1Ј::HA-atf1), JF94 (sty1Ј::HA-atf1 AAA-to-AAG ), PG136 (⌬trm9 sty1Ј::HA-atf1 AAA-to-AAG ), PG138 (⌬trm112 sty1Ј::HA-atf1 AAA-to-AAG ), PG139 (⌬trm9 sty1Ј::HA-atf1), and PG140 (⌬trm112 sty1Ј::HA-atf1) either untreated (0) or treated with 1 mM H 2 O 2 for the indicated times were analyzed to determine HA-atf1 mRNA levels by Northern blot using an anti-HA probe (B) or HA-Atf1 protein levels by Western blot using monoclonal antibody against HA (C). The graphs on the right panels indicate the relative levels of HA-atf1/act1 mRNAs (B) or HA-Atf1/tubulin protein levels (C).
